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INTERPLAY BETWEEN SUPERCONDUCFIVITY AND ITINERANT FERROMAGNETISM iN Y9C07
AT HIGH PRESSURE

C.Y. HUAQG*, S.A.WOLF**, C.E. OLSEN*, W.W. FULLER**, J.H. HUANG**, AND
C.S. TING

*Center for Nonlinear Studies and Physics Div., Los Alamos National Labora-
tory, Los Agamos, NM 87545; **Code 6634, Naval Rescarch Laboratory, Wash.
BC 20375; Physics Dept., Univ. of Houston, Houston, TX 77C04

The theory of the interplay between superconductivity
and itinerant ferromagnetism based on the single conduction
band model in the mean field approximation is summarized.
This theory predicts that superconductivity and itinerant
ferromagnetism cannot co-exist, that the nigher temperature
magnetic phase can transform into the low temperature super-
conducting state, and that a superconducting state will not
transform into a ferromagnetic state at a temperature below
the superconducting transition. For the magnetic supercon-
ductor Y Co7 we have reviewed the experimental results and in
particu]gr, we have shown that pressure suppresses magnetism
resulting in a higher superconducing transition temperature
and have concluded that Y,Co, is an itinerant magnet. Pres-
sure also sharpens the 8upérconducting transition and in-
creases the upper critical field, signifying that the ferro-
magnetic correlations and superconducting fluctuations
co-exist but very spatially. For pressures greater tharn 5
kbar, the magnetoresistance is always positive, further
indicating the suppression of magnetism by high pressure.
Several microscopic experiments and some improvement in
theory are suggested.

INTRODUCTION

For the past several years the interplay between super anductivity and
magnetism has attracted considerable interest.[1-3] To date most of the
studies, experimental as well as theoretical, have concentrated on the rare
carti ternaries whose particular crystal structure gives rise to weak
magnetic interactions between the localized magnetic moments arising from 4f
rare earth fons and the superconducting d-electrons of the transition metal,
i.e. separate electrons are responsible for superconductivity and magnetism,
respectively.[3] Recently a new intermetallic magnetic superconductor,
YoCo,, has been intensively investigaied.[4-14] In this compound, in con-
tgas{ to the well-established ternary superconductors, magnetism is itin.
erant in nature and superconductivity appears at T v3K) which is below the
temperature at which the compound becomes magnetic (T"'LGK). The measure-
ments on this compound have yielded interesting results replete with anoma-
Hes.  The detailed experimental investigations have concluded that ferro-
magnetic correlations which develop at higher temperatures remain finite and
that magnetism s confined by superconductivity. Neutron depolarization
studies have led to the conclusion of the presence of a "hybrid" state with
the inhomogeneous spatial varfation ot the order parameter.

In our previous studies, we have shown thot unusual Fermi surfaces are
very sensitive to external pressure, [15] and that {tinerant wagnetism
could be eastly suppressed by high pressure.[16] Furthermore, owiny to the
fact that the apphication ot high pressure s a useful aporoach to study



the interplay between superconductivity and magnetism,[17] the electrical
resistance and the magnetic susceptibility in Y9Co have been measured up
to v20 kbar.[14] The experimental results have 1e3 to the conclusion that
high pressure suppresses the magnetic correlation raising the supercon-
ducting transition temperature TS.

In this paper, we briefly describe the theoretical aspect of the prob-
lem based upon a single-band conduction election model in a mean field
approximation. We also discuss some salient features of the current experi-
mental results. Finally, the experimental results at high pressure (up to
20 kbar) and at high magnetic field (up to~6T) will be presented.

SUMMARY CF THEORETICAL RESULTS

The theoretical aspects of the interplay between itinerant ferro-
magnetism and superconductivity were first investigated by Nakanishi, et al
(18] employing the mean field approximation. They studied the interchange
of the itirerant ferromagnetic and superconducting phases. Very recently,
Lei, et al[l19] have calculated the free energies at the same level of
approximation by using a single-band model in which ferromagnetism and
superconductivity arise from the same electrons. The superconducting part
was treated by the BCS theory and the ferromagnetic nart made use of the
Hartree-Fock approximation. These authors have shown that the co-existent
state in which itinerant ferromagnetism and superconductivty co-exist
uniformly in space has the highest free energy and is thus unstable.
Therefore in this model, the co-existent state cannot appecr as a thermo-
dynamically stable state. They have also found that the stability of the
ferromagnetic state against the superconducting state depends on the par-
ameters involved. When the parameters are chosen so that the ferromagnetic
transition temperature in the absence of superconductivity, T__, is nuch
higher than the superconducting transition temperature in the absence of
magnetism, TS , the free energy of the ferromagnetic state is lower than
that of the Quperconducting state for T<T and the state of the system
is ferromagnetic, superconductivity does nét’ appear. FfFor T higher, but
not much higher, than T__, their results show that there is g“%erromagnetic
Lo superconducting tran3¥tion at T <T__ and the transition is first order.
Figure 1 displays the temperdturé d%%endence of the ferromagnetic order
(magnetizaticn), M, and the superconducting order, A, under this situation.
The same result has been obtained in Ref. 18. For T «T__an d T<T__, the
superconducting state is more stadble than the feﬂp%maz%etic stafﬁ{ and
therefore ferromagnetism cannot re-enter once the superconductivity is
already present. These results are quite contrary to the re-entrant ferro-
magnetic ternaries [3] where superconductivity occurs at higher temperature
followed by the appearance of terromagnetism at lower temperaturs. In these
ternaries terromagnetism arises from “he localized d4f-electrons while
superconductivicy comes from the d-electrons and the free energies of these
two ordered states can be regarded independent of each other and they can
take whatever volues the system allows them to have.

It should be noted that the single-band model may not be applicable
to a real system. There has been speculation that in Y Co, the dd-electrons
of Y are responsible tor superconductivity and the 3d-electrons ot Co tor
magnetism.Inothis case a more sophisticated theory than the single-band
mode 1 15 needed. Morcover, the mean field approximation does not take into
consideration superconducting fluctuations. Theretore, the co-existance of
superconducting  fluctuations with itinerant terromagnetism above T, as
suggested by some experfmental results (10,11] doe” not contradicl the
present. theory.
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magnetic transition temperature, ‘
Tos 1s higher than the superconduct- Fig. 2 Diagram of density of alloys
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sition” temperature when magnetism

is absent.

SAMPLES

YoCo, crystalls es with an hexagonal unit cell [20] resulting from
the as%emﬁly of Y atc:s in the fcrm of trigonal prisms. A group of rour Co
atoms is enclosed within the center of each of the Y prisms. The remainder
of the Co atoms lie along the c-axis of the unit celi. From the detailed
study of this compound [10,11] some properties seem tc be sensitive to the
inhomogeneity and purity of the sample. The accurrence of suporconductivity
and magnetism depends strongly on the 1,Coy crystal structure. The phase
diagram of the Y-Co binaries has been ihvestigeted by Grover, et al EZIJ.
Their results show the existence of a single phase over a narrow composition
range of Y,Co,. For the Y Co3 composition which was originally studied
and led to "the discovery of quuy, the hexagonal YqCo, phase persists with
YoCor as an impurity phase in“which Y8C05 is not suUperconducting ind shows
né mdynetic ordering.

When our work was initiated, the only published Y-Co phase diagram was
that of Ray.[22] Farly work on the magnetic and superconducting properties
in this system indicated that there was a question as to the compound com-
position of Lthe superconducting phase.  Because compound occurrencescan be
determined as a function of composition by the breaks in density vs compo-
sitvon diagrams, a series of alloys was prepared ana heat treated for 336
hours at $30°C.  The alloy densities were determined by weighing the buttons
in bromobenzenes  The results of these detceminations are plotted in Fig. 2.
With the possible exception of the point at Y, Co,,, the changes in slope
of density vs yttrium atom fraction at Y,Co.,, }.o. and Y(Co/ are consist-
ent with the new phase diagram published by Grover et al~[%1l As a result,



Y9Co7 appears tc exict as a single phase.

PRL IS EXPERIMENTAL RESULTS

. qure 3 shows the results of the ac magnetic susceptibility, x, and
electr. al resistance, R, obtained by Sarkissian.[11] In this sample super-
conductivity sets in at V3K and the magnetic transition takes place at - 6K.
[t is ev.aent that thermal .ysteresis is present in the magnetic region.
This author has also shown the current dependence of the electrical resist-
ance in the magnetic region, [10] strongly indicating that superconducting
interactions co-exist with strong magnetic correlation. In addition, he
has measured the magnetoresistance in the magnetic and superconducting
state. At low temperature but above the superconducting transition, the
low field magnetoresistance indicates that superconducting fluctuations
are present. This observation further suggests that the superconducting
interactions are present in the magnetic region. '
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Fig. 3 Temperature dependence of \
the ac susceptibility, x, in Y4Co,.
The arrows indicate in which direc-
tion the temperature was varied. a) Fig. 4 Excess heat capacity AaC/T
cooling down from 4.2 to 1.5, b) and thermopower S of Y9Co7h
and c¢) second and third warming (From Ref. 11).

cycles and d) X in the same sample
before further low temperature
annraling. The inset shows the
resistance data. (from Ref. 11).

In addition to the transport properties, Sarkissian has measured the
magynetization in magnetic fields from Hv 1 Gauss to 200 Gauss,[(10,23)
According to his data, there is no sign of lircar behavior in M and M/
plots in the low field regime. The magnetic susceptibility at high tempera-
tures does noi follow a4 Curie-Weiss law but rather tends to temperature-
independence, as expected for an itinerant magnet. This result is consist-
ent with the observation that the temperature dependence of the high temper-
ature resistance is less than a linear rise with temperature. Moreover, his
M-H hysteresis loops, taken in fields up tu 200 Gauss, have enabled him to
observe the Meissrer effect. From his observation that the hysteresis loop



is more pronounced below T, he has concluded that the hysteresis is, at
least partly, due to superconductivity not just ferromagnetic domain walls
as :n an ordinary magnet. .

The heat capacity and thermopower are the best demonstration of bulk
superconductivity. Figure 4 from Ref. 11 shows th. excess heat capacity
aC/T, after substracting lattice and electronic contribution. The peak at
v 2.5K clearly displays the bulk superconducting transition. The peak in
the thermopower, S, around 3K is also consistent with this transition.

Among the salient features in Y,Co,, the results of the depolarization
of polarized neutrons [10,11] are pa?tiéu]arly interesting. Sarkissian has
shown that the depolarization is present only when the magnetic field is
applied perpendicular to the incident neutron polarization. The abrupt
onset of depolarization takes place below 4K, displaying the kind of be-
havior to be expected if inhomogeneities were forming in the temperature
region in which magnetic correlations are present. This inhomogeneity is
consistent with the "hybrid" state present in the magnetic region discussed
above. The finite depolarization below T_ has been cobserved, but, because
of the possible depolarization originat1n§ from the flux line domains, the
question of complete or partial suppression of wagnetic correlations could
not be answered.

EXPERIMENTAL RESULTS

The Y9Co samples used in our high pressure experiments were prepared
by Johnson; Matthy and Co. 99.999% pure cobalt and 99.99% yttrium from the
Research Chemical Co. The alloys were made by arc melting together weighed
amounts of cobalt and yttrium metals on a water-conled copper hearth in a
gettered argon atmosphere. The buttons were turned and remelted ten times
to insure compositional homogcieity. Melting loscec did not exceed 0.4% so
that the compositionc were taken to be those as vweighed out. The samples
were heat treated for 20 days at 53C+5°C in a high vacuum furnace. Chemical
analysis, within limits of the atomic adsorption method used, shows the
material to have tne composition Y9Co . Powder x-ray diffraction patterns
were taken on the samples. A1l the observnd lines could be indexed on the
structure, 'Y,Co," reported by Lamaire, et a1.[20] Within the sensi-
tivity (v5%) the“alloys at Y,Co, were single phase. The resistivity ratio
(Rzu(/”a ) of oui samples 12 A 16, ccmparable with others.[10,11] The
T.70 od? samples is about 0.%K lower chan those used in Refs. 10 and 11
pbssibly because of the presence of Gd impurities ( 100 ppm) in yttrium.
However, this lower TC should not se-iously effect our high pressure
studies.

We have simultancously measured the electrical resistance and ac may-
netic susceptibility of the samples as a function of temperature from
v 1.2K Lo 300K, at pressures up to 20 kbar and magnetic firelds up to 6T.
The resistance was measured using a standard four-terminal ac technique
at 33 Hz, while a 610 Mz susceptibility signel was obtained from a second-
ary coil wrapped directly arcund the sample.  The pressure was generated
ina l:1 fluid mixture of n-pentane and isoamyl alcho! contained inside a
3.2 mm drameter Teflon cup enclosed inside a berylium-copper cell, em-
ploying the self-clamped technique.  The pressure was monitored by a lead
matometer with an accuracy of + 1 kbar. A superconducting magnet capable
of generating a maynetic field up to 61 was cmployed for the magnetic field
studies.

The temperature dependence of the ac magnetic susceptibility at various
valuoo of oressure is displaved in Fia. H.0241 The 1necensen € rsha eone



is more pronounced below T., he has concluded that the hysteresis is, at
least partly, due to superconduct1v1ty not just ferromagnetxc domain wa]]s
as in an ordinary magnet. v

The heat capacity and thermopower are the best demonstration of bulk
superconductivity. Figure 4 from Ref. 11 show; the excess heat capacity
AC/T, after substracting lattice and electronic contribution. The peak at
~ 2.5 clearly displays the bulk superconducting transition. The peak in
the thermopower, S, around 3K is also consistent with this transition.

Among the salient features in Y,Cuy, the results of the depolarization
of polarized neutrons [10,11] are particularly interesting. Sarkissia~ has
shown that the depolarization is present only when the magnetic field is
applied perpendicular .to the incident neutron polarization. The abrupt
onset of depolarization takes place below 4K, displaying the kind of be-
havior to be expected if inhomogeneities were forming in the *emperature
region in which magnetic correlations are present.” This inhomoganeity is
consistent with the "hybrid" state present in the magnetic region discussed
above. The finite depolarization below 7_ has been observed, but, because
of the possible depolarization or1g1nat1n§ from the flux 1ine doma1ns, the
question of complete or partial suppression of magnetic correlations could
not be answered.

EXPERIMENTAL RESULTS

The Y,Co, samples used in our high pressure experiments were prepared
by Johnson, Matthy and Co. 99.999% pure cobalt and 99.99% yttrium from the
Research Chemical Co. The alloys were made by arc melting together weighed
amounts of cobalt and yttrium metals on a water-cooled copper hearth in a
gettered argon atmosphere. The buttons were turned and remelted ten times
to insure compositional homogeneity. Melting losses did not exceed 0.4% so
that the compositions were taken to be those as weighed out. The samples
were heat treated for 20 days at 530:5°C in a high vacuum furnace. Chemical
analysis, within limits of the atomic adsorption method used, shows the
material to have the composition Y,aCo,. Powder x-ray diffraction patterns
were taken on the samples. All the observed lines could be indexed on the

structure, "Y Co3" reported by Lamaire, et al.[20] Within the sensi-
t1v1ty ms% %he ailoys at Y Co7 were single phase. The resistivity ratio
(R30 of our samples are e~ 16, comparable with others.[10,11] The

. Q our samples are about 0.5\ 1ower than those used in Refs. 10 and 11
pbss1b1y because of the presence of Gd impurities ( ~100 ppm) in yttrium.
Hovever, this lower TC should not seriously effect our high pressure
studies.

We have simultaneously mearured the electrical resistance and ac mag-
netic susceptibility of the samples as a function of temperature from
"~ 1.2k to 300K, at pressures up to 20 kbar and magnetic fields up to 6T.
The resistance was measurced using a standard four-termninal ac technique
at 33 Hz, while a 610 Hz susceptibility signal was obtained from a second-
ary coil wrapped directly around the semple. The pressure was gyenerated
in a 11 fluid mixture of a-pentare and isoamyl alchol contained nside a
3.2 nm diameter Teflon cup enclosed inwide a berylium-copper cell, em-
ploying the self-clamped technique.  The presture was monitored by a lead
manometer with an accuracy of ¢ 1 kbar. A suyperconducting magnet capable
of yenerating a magnetic field up to 6T was employed for the magnetic field
studies.

The temperature dependence of the ac maynetic susceptibility at various
values of pressure is displaved in Fig. ﬂ24] The increase of the sus-
ceptibility  below V8K at o dbient pressure, fn accordance with previous
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reports, [10,11] indicates tie onss Of terromagnetic correiduviviiss o=
ilar to other itinerant ferromagne.;, [16] x decreases with -increasing .
pressure. Also shown in the figure is the increase of the superconducting
transition temperature with increasing pressure, consistent with the obser-
vation that magnetism, which depresses T is suppressed by the applied
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pressure.
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Figure 6 shows the temperature dependence of electrical resistance at
various pressures. I:. is particularly intriguing to observe that the resis-
tance is independent of pressure up to ~ 20 kbar for T>8K. This pressure
independence seems to indicate that the magnetic correlations exist only for
T<8K. As can be seen, the higher the pressure, the sharper the transition,
very similar to the pressure dependence of X near the transition shown in
Fige 5. Thic interesting experimental result indicates that, the ferromag-
netic correlations and superconducting fluctuations at ambient pressure,
co-exist around T_ but vary spatially (the "hybrid" state), in agreement
with suggest.ons In Refs. 10 and 11. Furthermorc at high pressure, the
magnetism is suppressed and the sample becomes more "uniform" spatially,
giving rise 1o a sharper transition.
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We have also medsured the resivtance as a function of an external mag-
netic field up to 6 T. Figure 7 eximibits some of our data at ~15 kbar and
Fig. & demonstrates tie field dependence of R at 1.25K and 2.5K at various
values of pressure. [t is striking to note that the magnetoresistance for
pressures > 6 khar is always positive for 7<4.2K, in constrast to the ambient
pressuve result that tne magneteoresistance is neyative.[10] However, this
field dependence is in daccordance with an earlier conclusion that pressure



suppresses magnetism thus reducing the (negative) magnetoresistance. . In

want of an appropriate theory for the critical field of a magnetic super-

conductor, we define the midpoint of the transition as the upper critical

field, H&; (following Ref. 17)}. Figure 9 shows H_, vs T at various values
e.

of press As expected, HC2 increases with increasing pressure.
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DISCUSSIONS AND CONCLUSIONS

Our high pressure experiment has yielded the following results: a)
high pressure strongiy suppresses magnetism; b) the magnetism is itinerant;
c) T and H increase with pressure; d) the superconducting transi-
tion Sis sharﬁgr at higher pressures; e) the magnetores1stance for pressuie
. greater than 8 kbar and temperatures lower than 5K is a!'ways positive; and
f) the ferromagnet1t correlations and superconducting fluctuations co-exist
around T, in the magnetic tegion and they vary in space. It is interesting
to note that ome of these results can be interpreted in terms of Fig. 1 in

. which the superccnducting transition, is depressed because of the
presence of magnetism. Upon the app11c%%1on cf high -pressure, magnetic
interactions are suppressed, thus raising T_ toward T This result sug-

gests the need to repeat our experiments at fuch h1ghe? pressure.

The question of the possible co-existence of superconduc.1v1ty and
magnetic correlations, as hinted by the neutron scattering results discussed
above, has to be answered. A better neutron scattering experiment is
obviously necessary; this requires the preparation of single crystal Y9Co7.
Furthermore, microscopic studies such as NMR, muon spin resonancé and
relaxation, ultrasonic attenuation, tunneling, microwave impederc2, and the
Mbssbauer effect are needed to understand the intriguirg physical propert-es
in YqCo .

9~"7°

Beyond doubt, the band ca]culations are essential. In order to under-
stand Y,C 7, @ detailed theory taking into account the magnet1c correlations
of the ad electrons of Co and the superconducting pairing in the 4d-electrons
of Y should be vital. It is also important for the theory to go beyond the
mean field approximation to include superconducting fluctuations and elec-
tromagnetic effects [3] and to calculate the physical quant1t1es obtainable
from the experiments suggested above.
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